A novel method for the synthesis of acylmethyl-substituted 2-arylpyridine derivatives using 3-aryl-2H-azirines was developed by exploring a prototype reaction using DFT-calculations and carrying out targeted experiments guided by the calculated mechanism. 2H-Azirine was initially hypothesized to ringopen at the metal center to furnish familiar metal nitrene complexes that may undergo C-N coupling.
Introduction
Controlling the chemo-, regio-and stereoselectivities of reactions is of central importance in general, but particularly so in organic chemistry.
1 And C-H bond activation reactions 2 are among the most desirable to carry out with high degrees of selectivity and signicant research efforts were made in the past to couple C-H activation to C-C and C-N bond forming transformations. Alkyl and aryl azides featured prominently as valuable reagents in this endeavor and many C-N bond forming reagents based on C-H activation reactions have been developed (Scheme 1, eqn (1)).
3 Acyl azides are attractive components, 4 as they are capable of forming C-C bonds through isocyanates generated in situ within the framework of wellstudied Curtius rearrangement pathways.
5
Most notably, Chang recently developed a method for forming C-N bonds using acyl azides via C-H activation employing a ruthenium catalyst. 6 Stable sulfonyl azides have also been used to form C-N bonds in C-H activation reactions 7 and, most recently, dioxazolones were identied as highly versatile surrogates of azides for installing C-N bonds under mild reaction conditions. 8 These studies highlight that the choice of an appropriate reagent that will mediate the formation of C-N and/or C-C bonds is critical. Thus, we sought to expand the scope of C-H activation reactions by identifying new reagents that may act as surrogates of azides in a C-H activation reaction. Given our previous experience with azirines, 9 we wondered if they can be employed to furnish vinyl nitrenoids that may be exploited to form C-C and C-N bond selectively (Scheme 1, eqn (2)).
To increase the efficiency of the new reaction discovery process, we used density functional theory (DFT) based calculations 10 to rst examine the feasibility of putative reaction mechanisms and identify the most promising strategy for reaction design. As shown in eqn (3) (Scheme 1), we initially speculated that the 3-aryl-2H-azirine substrate may coordinate to a metallacycle intermediate that should be readily accessible via C-H activation using a well-known Ir, Rh or Co catalyst. Subsequent ring-opening of the azirine 11 was envisioned to give a vinyl metal-nitrene, 12 from which a migratory insertion may result in a C-N coupled product. Surprisingly, DFT-calculations showed that the familiar C-N bond formation is not likely in this case, but suggested that C-C bond formation can be furnished efficiently. Specically, the barrier for the formation of the eight-membered metallacycle was computed to be low. In good agreement with this DFT-based proposal, treatment of 2-phenylpyridine with 3-(4-methoxyphenyl)-2H-azirine in the presence of a Rh catalyst gave the acylmethylated product in 17% yield, whereas no evidence for C-N coupling was detectable.
13 Based on these initial results, we developed an efficient and generally applicable new method that allows for the acylmethylation of 2-arylpyridine derivatives through selective C-C bond formation employing 2-arylpyridine and 3-aryl-2H-azirine using a Rh catalyst for C-H activation.
Results and discussion
Although our initial reaction design aimed to use azirines to form a nitrenoid intermediate that can be employed to facilitate C-N coupling, our DFT-calculations suggested that azirines cannot be used in this capacity. This result is surprising, as the steric energy stored in the three-membered ring is expected to lead to a rapid ring-opening during a reaction with metal catalysts capable of performing similar reactions with azides that are driven by the similarly favorable release of N 2 . As a likely successful catalyst platform, we chose the ubiquitous Rh(III)-pentamethylcyclopentadienyl ([Cp*Rh] 2+ ) platform carrying labile acetate ligands that is well-known to be an effective catalyst for C-H activation, nitrenoid formation and C-N coupling reactions. Fig. 1 shows the computed reaction energy prole of a plausible catalytic cycle employing the prototype substrates phenylpyridine and 2H-azirine. First, C-H activation via a concerted metalation deprotonation (CMD) step moderated by a Brønsted base such as acetate leads to the cyclometalation. Our calculations show in good agreement with previous work 14 that this process is relatively easy with a barrier of only 17.6 kcal mol À1 .
Ligand exchange transforms the cyclometalated intermediate B to the N-bound azirine complex C, which is predicted to ringopen the azirine readily traversing the transition state C-TS with a barrier of 22.8 kcal mol À1 to give the singlet intermediate 1 D. It is at this juncture that the azirine substrate displays a decisive difference compared to the azides. In azides, there is a driving force to completely cleave the RN-N 2 bond and release a neutral nitrogen molecule and form a formally dianionic imido (R-N 2À ) functionality upon oxidative coupling to the metal-center. In the case of azirine, ring-opening followed by rearrangement of the double bond can produce the vinylnitrene moiety that could undergo a similar oxidative coupling to the metal to produce a vinyl-imido complex, as envisioned (Scheme 1, eqn (2)). Our calculations show, however, that azirine ring-opening and oxidative addition gives the fourmembered rhodaheterocycle 1 D that is relatively high in energy and readily attacks the phenyl-carbon of the phenylpyridine ligand and rapidly inserts into the metal-carbon bond to afford the C-C coupled product E. The azirine ring-opening can be imagined to involve a homolytic C-N bond cleavage, which may lead to a triplet pathway aer rapid spin-inversion promoted by the strong spin-orbit coupling provided by the Rh-center. We examined this possibility, but rejected it based on the much higher energy of the 3 D intermediate shown in red in Fig. 1 .
As anticipated, the release of the strain energy renders this last step exergonic with the free energy of À20.9 kcal mol À1 being assigned to E. Formerly an imido-complex, intermediate E can readily undergo proto-demetalation assisted by acetic acid, where the protonation of the imido functionality gives the corresponding imine product complex G, as highlighted in Fig. 1 . Fig. 2 illustrates the reaction energy prole of a putative C-N coupling mechanism. The initial phase of C-H activation of phenylpyridine is of course identical with what was shown in Fig. 1 . To ring-open the azirine and facilitate the C-N bond formation with the phenylpyridine substrate, the insertion described above must be carried out by the N-atom of the metallaheterocycle, leading to the alternative insertion product H, which can be accomplished either on a singlet or a triplet pathway. Our calculations indicate that neither reaction trajectories afford a reasonable transition state, the migratory insertion to form the C-N bond requires passage through the transition states .5 kcal mol À1 , respectively. These energies are too high for the reaction to be viable under realistic conditions and considering the C-C bond forming reaction discussed above, the conclusion can be drawn that the azirine substrate will give exclusively C-C coupled products and C-N coupling is not possible. Thermodynamically, the C-N coupled product H at À21.4 kcal mol À1 is slightly lower in energy than the C-C coupled intermediate E, which was found at À20.9 kcal mol À1 . And our calculations
show that the nal portion of the putative catalysis consisting of acetic acid promoted demetalation to form the nal product is reasonable. Thus, it is the kinetic inhibition of inserting the imido functionality that makes the C-N coupling pathway impossible.
On the basis of these DFT-calculations, experimental studies were carried out using 2-phenylpyridine (1a) and 3-(4-methoxyphenyl)-2H-azirine (2a) in the presence of [Cp*RhCl 2 ] 2 with a number of additives and solvents, as summarized in Table 1 . In good agreement with the mechanism discussed above, substrate 1a (0.2 mmol, 1.0 equiv.) reacted with 2a (1.2 equiv.) in the presence of [Cp*RhCl 2 ] 2 (4.0 mol%), AgSbF 6 (16.0 mol%), H 2 O (1.0 equiv.), and acetic acid (1.0 equiv.) in dichloroethane (DCE). In 3 hours at 80 C and aer workup, we obtained the acylmethylated product 1-(4-methoxyphenyl)-2-(2-(pyridin-2-yl) phenyl)ethan-1-one (3a) in 35% yield (entry 2), which we propose is the hydrolyzed product of the computationally identied imine product. To test the role of acetate/acetic acid, which plays a prominent role in the computed mechanism, the experiments were repeated under identical conditions without adding acetic acid. As anticipated, no acylmethylated product was observed (entry 1). Whereas computer models are powerful in suggesting, identifying and comparing possible reaction mechanisms, as we demonstrated above, predicting the impact of subtle environmental changes, such as the nature of the solvent or counter ions to the overall yield, is exceedingly difficult.
15 Unsatised with the relatively low yield of only 35% in DCE, we complemented our initial ndings by more classical screening efforts and identied triuoroethanol (TFE) as the optimal solvent. Other solvents, such as DCE, MeOH, hexauoroisopropanol (HFIP), and tetrahydrofuran (THF), gave inferior results (entries 2-6). Several counter ion additives, including AgSbF 6 , AgNTf 2 , and AgPF 6 , were also examined and AgSbF 6 gave the desired product in 73% yield (entries 4, 7, and 8) . Interestingly, when [Cp*IrCl 2 ] 2 (4.0 mol%) and [Cp*CoCl 2 ] 2 (4.0 mol%) were used as catalyst, the reaction was totally ineffective (entries 10 and 11). However, [Ru(p-cymene)Cl 2 ] 2 (4.0 mol%) provided 3a in 65% yield (entry 12). The best result was obtained from the reaction of 1a (2.0 equiv.) with 2a (0.2 mmol, 1.0 equiv.) in the presence of [Cp*RhCl 2 ] 2 (4.0 mol%) with AgSbF 6 (16.0 mol%), water (1.0 equiv.), and AcOH (1.0 equiv.) in TFE at 80 C for 3 h, affording 3a in 86% yield (entry 9). Interestingly, attempts towards isolating the imine product under the anhydrous conditions were not successful (entry 13). Next, we investigated the scope and limitation of Rhcatalyzed acylmethylation of 2-phenylpyridine (1a) with a wide range of 3-aryl-2H-azirines (2), as summarized in Table 2 . When 3-phenyl-2H-azirine was treated with 1a under the optimum reaction conditions, product 3b was obtained in 84% yield. Electronic variations in the substituents on the aryl group of 3-aryl-2H-azirines (2) did not inuence the reaction efficiency notably. Electron-donating groups, including 2-methyl, 3-methyl, and 4-methyl substituent, afforded the corresponding acylmethylated products (3c, 3d, and 3e) in high yields ranging from 88% to 91%. These results indicate that both steric and electronic effects were negligible in the case of 3-aryl-2H-azirines bearing electron-donating groups. Likewise, an electrondonating 4-tert-butyl group provided the desired pyridine (3f) in 73% yield. However, acylmethylation was slightly affected by electron-withdrawing groups on the aryl substituents of 3-aryl-2H-azirines (2). For example, a variety of electron-withdrawing groups, including 4-uoro, 2-chloro, 3-chloro, 4-chloro, and 4-bromo groups, gave the corresponding acylmethylated 2-arylpyridines (3g, 3h, 3i, 3j, and 3k) in yields ranging from 57% to 77%. Strongly electron-withdrawing 4-triuoromethyl, 4-nitro, and 4-ethoxycarbonyl-substituted 3-aryl-2H-azirines were less reactive and the products 3l, 3m, and 3n were produced in moderated yields ranging from 42% to 54%. Biphenyl-and 1-naphthyl-substituted 2H-azirines were found to be compatible with the reaction conditions, leading to the formation of 3o and 3p in 83% and 84% yields, respectively. The present method worked equally well with 2H-azirines possessing a thiophen-1-yl group to furnish 3q in 71% yield.
Next, the substrate scope and the functional group tolerance with a variety of 2-arylpyridines (1) were investigated, as shown in Table 3 . Modication of the substituents on the aryl ring at 2-position of 2-arylpyridines 1 did not inuence the efficiency of the acylmethylation. Both electron-donating and electronwithdrawing groups on the 2-arylpyridines were compatible, thus equally affording the corresponding 2-acylmethylsubstituted arylpyridines in good yields. When 2-(m-tolyl)pyridine and 2-(p-tolyl)pyridine were treated with 3-(p-tolyl)-2H-azirine (2e), the desired acylmethylated products 5a and 5b were produced in 79% and 88% yields, respectively. The strongly electron-donating 4-methoxy group did not affect the efficiency of the reaction, and the desired product 5c was obtained in 89% yield. The transformation of 2-arylpyridine having 3,4-methylenedioxy group was also highly facile, providing 5d in 89% yield. Substrates with a halogen atom provided the desired compounds in good yields. Indeed, the 4-uoro-substituted 2-phenylpyridine was reacted with 3-(p-tolyl)-2H-azirine (2e), furnishing the arylmethylated product 5e in 83% yield. 2-Arylpyridines possessing 3-chloro, 4-chloro, 4-triuoromethyl, and 4-acetyl groups were smoothly acylmethylated to produce 5f-5i in good yields ranging from 61% to 74%. The tolerance of u-oro, chloro, and acetyl groups is very important, because these functional groups will allow further decoration and processing of the products. Pyridine substrates bearing 2-biphenyl and 2-naphthyl groups underwent the acylmethylation reaction, affording the corresponding products (5j and 5k) in 74% and 83% yields, respectively. Moreover, the arene is not limited to a benzene skeleton. 2-(Thiophene-1-yl)pyridine was applied to the present Rh-catalyzed acylmethylation, resulting in the production of 5l in 60% yield. When 2-arylpyridine possessing an estrone moiety was employed as the substrate, the acylmethylated product 5m was produced in 80% yield.
Furthermore, tolerance of a wide range of substituents, including methyl, uoro, ethoxycarbonyl, and acetyl, on the pyridine moiety was examined (Table 4) . 5-Methyl-2-phenylpyridine underwent the acylmethylation with 3-(p-tolyl)-2H-azirine (2e), providing the desired product 5n in 83% yield without notably affecting the catalytic effectiveness. Substrate bearing 4-uoro group on the pyridine ring of 2-phenylpyridine gave rise to 5o in acceptable yield. To our delight, the present acylmethylation proceeded despite the presence of an ethoxycarbonyl and acetyl group on the phenyl ring and afforded 5p and 5q in 67% and 68% yields, respectively.
Although the DFT-calculated mechanism discussed above serves as a useful guide for understanding our experimental results and offers a plausible concept for the reaction mechanism, there are a number of unresolved issues: (i) we assumed that hydrolysis affords the nal acylmethylation product, which should be conrmed. (ii) Our DFT-calculations employ a model Rh-catalyst carrying acetate ligands for convenience to start the catalytic cycle. This putative resting state of the catalyst also serves as the reference state with a relative free energy of zero kcal mol À1 , which is used to evaluate the barriers of the initial C-H activation. 16 This model reference state leads to a C-H activation barrier of only 17.6 kcal mol À1 , whereas the free energy of the azirine-bound intermediate C is À5.0 kcal mol À1 and that affords a barrier for the concerted C-C coupling and azirine ring-opening to be 22.8 kcal mol À1 . It is not clear how representative and reliable these barrier estimates are. Given that the reaction typically requires 80 C and 3 hours, these barriers seem underestimated. To answer these mechanistic questions that are challenging to answer using computations, a series of experiments were designed, as summarized in Scheme 2. First, isotopic labeling studies were performed to examine the source of oxygen in 3e. was produced in 83% yield (eqn (4)). These results conrm that the oxygen in the acylmethylation reaction originates from water, as we had assumed. Next, the kinetic isotope effect (KIE) was determined by utilizing the deuterated phenylpyridine substrate (eqn (5)). The KIE was found to be k H /k D ¼ 3.13 from the intermolecular competition reaction 17 between 1a and 1a-[d 5 ]. These results indicate that the C-H cleavage at the orthoposition of 2-phenylpyridine is most likely involved in the ratedetermining step. Although 1a-[d 5 ] was treated with 2e under the optimum reaction conditions, the corresponding deuterium-inserted product at benzylic position was not detected (eqn (6)). This result implies that deuterium transfer through C-H activation did not occur.
The KIE of 3.13 provides signicant insight that our DFTcalculations are unable to capture. As discussed above, we employ the Rh-acetate model for convenience and stoichiometric consistency during the computer simulation. For the KIE study, the chloride derivative of the Rh-catalyst is used in combination with a silver salt, which removes the chloride by forming poorly soluble silver chloride deposits. The counter anion of the silver salt has a notable impact on the yield, as we showed above. DFT-calculations are not capable of incorporating these effects accurately into the mechanistic model. One meaningful result that can be utilized is the DFT-predicted energy difference of 8.9 kcal mol À1 between the product complex G and the recovered catalyst A upon release of the imine product 3a 0 . Ignoring the aforementioned complications with the silver salt and the chloride ligands, the calculated energy difference between G and A suggests that aer the rst catalytic cycle, the product complex G becomes the resting state of the catalytic cycle and, thus, should be taken as the reference for evaluating the C-H activation barrier. And because the energy of G is lower than that of the azirine-adduct C, the barrier of the C-C coupling reaction must also be referenced against G. The adjusted barriers for the C-H and C-C activations become 26.5 and 26.7 kcal mol À1 , respectively. We note that these numbers are much more consistent with the observed reaction conditions of 80 C. And because the computed barriers are nearly identical and our DFT-calculations are fundamentally unable to offer information about the collision factor of the Arrhenius equation that would allow for computing the rate of reactions, our DFT-model is unable to clearly identify the rate determining step. The KIE of 3.13 claries this point and strongly suggests that the C-H bond activation step is rate determining. Scheme 3 summarizes the proposed mechanism incorporating the insights derived both from computations and experiments. We propose that the rate determining step is the C-H activation, giving rise to an experimental KIE value of 3.13 and turns the reactant complex A to the cyclometalated intermediate B. Coordination on 2H-azirine to Rh affords key intermediate C, which can ring-open the azirine via oxidative addition to form the rhodaheterocycle intermediate D. Subsequent insertion into the Rh-phenyl bond leads to the C-C coupling to give the product complex E. The alternative C-N coupling is found to be much less likely, as the migratory insertion for that process has a barrier that is $15 kcal mol
À1
higher than the C-C coupling. The catalytic cycle closes via proto-demetalation with acetic acid to give the imine product 3a 0 , which is readily hydrolyzed to give the acylmethylated product 3a.
This new methodology is attractive for the synthesis of biologically relevant heterocycles such as pyridoisoindole and pyridoisoqunolinone through cyclization of the acylmethylated compounds (Scheme 4). Reactant 3j was smoothly cyclized in the presence of Cu(OAc) 2 (50.0 mol%) to provide pyridoisoindole 6a in 91% yield (eqn (7)).
Because 2-arylpyridine bearing an acyldiazo group can be easily obtained from the diazotization of the corresponding acylmethyl-substituted 2-arylpyridine, we envisioned that the intramolecular cyclization using in situ generated diazo intermediate should be possible in a convenient one-pot procedure. To test this idea, 1-(4-methoxyphenyl)-2-(2-(pyridin-2-yl)phenyl) ethan-1-one (3a), tosyl azide, DBU, and DCE were placed in a reaction vessel, and the reaction mixture was stirred at 40 C.
Aer 30 min, the reaction mixture was treated with 1.0 mol% Cu(OTf) 2 and stirred at 80 C for 1 h, leading to the formation of pyridoisoindole 6b (45%) and pyridoisoquinolinone 7 (40%) through Curtius rearrangement (eqn (8)).
Conclusions
In conclusion, we developed a novel Rh-catalyzed synthetic method for a wide range of acylmethyl-substituted 2-arylpyridine derivatives using 3-aryl-2H-azirines as the reaction partner. The oxygen in the acylmethylation reaction was conrmed to originate from water, which hydrolyzes the initial imine product. C-H cleavage at the ortho-position of 2-phenylpyridine is most likely the rate-limiting step. Initially, we had aimed at developing a C-N coupling reaction, but DFTcalculations and screening results clearly suggest that C-C coupling is much faster and preferable aer the azirine substrate is ring-opened at the metal center of the catalyst. The present method is highly efficient and selective, displays a broad substrate scope and a high tolerance of various functional groups, including uoro, chloro, bromo, ketone, ester, nitro, alkyl, alkoxy, triuoromethyl, 2-naphthyl-, and thiophen-1-yl. The mechanism was elucidated by combining computational and experimental studies, where the weaknesses and strengths of the two complementary methods of mechanistic inquiries were combined to obtain a precise and convincing mechanism for this novel reaction.
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